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Abstract 
This paper presents an overview of a decade (2002-2012) of studies performed on Soil-Plant-Atmosphere processes, 
in semi-arid areas (Haouz plain, Morocco). In this period, fifteen in-situ experiments on the dominant irrigated crops 
were performed, controlling the fluxes exchanged between land surface and atmosphere. The results showed that the 
physically based SVATs (ICARE, SiSPAT and ISBA) provided the best estimates of surface fluxes. For operational 
purposes, the FAO-56 approach and SAMIR Software (Satellite Monitoring for Irrigation) give a good estimate of 
evapotranspiration at field and regional scales, respectively. Finally, thermal infrared data were used in conjunction 
with SVATs to investigate the possibility of estimating the quantity of irrigation water. 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
Population growth has resulted in intense demands on the quantity and quality of worldwide water 
resources. Water shortage is likely to be one of the main pressing problems, resulting from combined 
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effects of alterations in the hydrological cycle, anticipated under climate change, and of the increase in 
water demands for agriculture, urban, and industries [1, 2].  
In southern Mediterranean region, as well as other arid and semi-arid regions in the world, water 
consumption has significantly increased over the last decades, while available water resources are 
becoming increasingly scarce. The southern Mediterranean region pointed as a hot spot of the climate 
change [2]. Its climate is characterized by long periods of drought and a strong interannual variability in 
rainfall amount and distribution [3] leading to a high year-to-year variability of agricultural development 
and production [4].  
In Morocco, irrigation is highly water demanding: it is estimated that 83% of available resources is 
dedicated to agriculture with an efficiency lower than 50% [4]. These water wastes have several origins 
including leakages during water routing, but also a lack of irrigation efficiency in the field: (1) the 
traditional flooding systems are predominant leading to significant water loss by evaporation from soil (2) 
the scheduling of irrigation (timing and quantity) is mostly defined according to water availability and 
plant water needs are not taken into account [5]. 
The Haouz region (near Marrakech city), typical of southern Mediterranean basins, is characterized by 
a semi-arid climate (the potential evapotranspiration is about 1600 mm/year against an average annual 
rainfall of 250 mm) [6]. Thus, frequent irrigation is needed to attain potential growth and yield [5] and 
about 85% of available water is used for agriculture in the region [4]. 
 In this situation, and to preserve water resources, the rational management of water irrigation is 
necessary. Get a better understanding of the hydrological functioning of irrigated crops and develop tools 
for an improved management of irrigation water are the two main objectives of the research program 
SudMed [6] and the Joint International Laboratory LMI-TREMA (http://trema.ucam.ac.ma), installed in 
Marrakech (center of Morocco) since 2002 and 2011, respectively. The scientific approach is based on the 
synergistic use of the mathematical modeling, the satellite observations and in-situ data.  
In this paper, we present a summary of the studies performed, during a decade, dedicated to the 
observation and the modeling of the Soil-Plant-Atmosphere water transfer, in the Haouz plain. 
2. Objectives of SudMed program and LMI-TREMA 
The SudMed program [6] was conceived in 2002 by investigators from CESBIO/IRD (Centre d’Etudes 
Spatiales de la Biosphère / Institut de Recherche pour le Développement, Toulouse) and from the UCAM 
(Cadi Ayyad University, Marrakech), in association with local managers, decision-makers, and 
stakeholders. The objectives were to understand the integrated hydrological functioning of the Haouz 
semi-arid basin in Morocco, as well as to provide guidance to policymakers/stake holders and tools to 
managers, for sustainable management of water resources in the basin. (For more detail see [6] and 
http://www.cesbio.ups-tlse.fr/us/sudmed.html). 
The Joint Laboratory TREMA, created in 2011, although in the continuity of the activities led within 
the framework of the SudMed program, entails a change of scale at three levels (Scientific, geographic 
and partnership). The scientific objectives of the LMI TREMA articulate around the sustainable 
management of the water resources for typical catchments of the South of the Mediterranean area: 
associating mountainous water tower and intermediate zone of transfer with transient storage (dams or 
lakes) where the rainfed agriculture and the irrigated zones, which use 80 % of the available water 
resources, dominate. (For more detail see http://trema.ucam.ac.ma/). 
The scientific approach, of these two programs, is based on the synergistic use of the mathematical 
modeling, the satellite observations and in situ data. Basin characterization is used to document models, 
remote sensing to drive hydrological simulations, and surface and subsurface water flows are connected 
to evapotranspiration (ET) and crop water requirements. In these two program’s vision, individuals and 
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integrating processes were rather a major component. However, in this paper, we are limited to the water 
transfer study in the Soil-Plant-Atmosphere system over irrigated agricultures. 
3. Site description and experiments 
3.1. Site description 
The Haouz plain, located in center of Morocco, is surrounded by the northern (Jbilet) hills and the 
southern High-Atlas mountain range (Fig. 1). The Atlas range is indeed the region’s water bank, 
supplying several big irrigated areas in the plain. The size of the Haouz plain is 20 450 km2. Its climate is 
of semi-arid continental type with low and irregular rainfall around 250 mm/year in contrast to a high 
potential evapotranspiration which is about 1600 mm/year [5]. 
Within the Haouz plain, about 85% of available water is used for agriculture. Major irrigated 
vegetation types include wheat, olive, orange and apricot. Due to a tremendous expansion of the irrigated 
surfaces (increase of about 40% in the past 30 years, [6]), water resources are facing enormous pressure. 
This has been manifested as an over-exploitation of groundwater, with a level decrease of about 0.5–1m a 
year [7]. The basin is characterized by a various water resources, vegetation variation, and a variable 
climate. Thus, the Haouz basin presents a number of characteristics which make it an exceptional outdoor 
laboratory for addressing a large number of scientific challenges over arid and semi-arid regions. 
 
Fig. 1. Haouz plain location; the red line represents the limit of the plain. The experiment sites locations are indicated by the green 
plus. 
3.2. Experiments 
In the Haouz plain, fifteen flux stations (eddy correlation) were deployed over the dominant crops 
(wheat, olive, orange and apricot), with different fraction covers, and under different irrigation methods 
(drip and flooding).  
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The experiments were conducted in the following sites (Fig. 1): Agafay (orange), Agdal (old olive 
trees), Aït Imour (apricot), R3 (wheat, young olive tree and sugar beet) and Saada (orange). Large 
Aperture Scintillometers (LAS) measuring evapotranspiration over large surfaces (up to 5 km) were also 
deployed over transects including olive (2002–2003), wheat (2002-2003 and 2005- 2006) and orange 
(2003-2004) crops. Additionally, surface temperature and net radiation, as well as soil moisture, 
temperature, and heat flux were collected over each site. Finally, irrigated crops transpiration was 
measured by using four to six sap flow systems in each one of three sites (Fig. 1): olive in 2004 and 2006 
(for old trees in Agdal and young ones in R3, respectively) and orange in 2010 (Agafay). At the same 
time, stable isotopic method was used to separate soil and vegetation contribution to total ET [8, 9]: for 
olive (2004), orange (2008) and wheat (2012). 
Regarding remote sensing data, ground-based surface reflectance data were collected throughout the 
growing seasons using a hand-held radiometer (CROPSCAN Inc. Model MSR87, a 8-band Landsat 
Thematic Mapper (TM) compatible model: 460–1750 nm). This instrument simultaneously measures both 
solar irradiance and surface reflected radiance, using upward and downward sensors, surface reflectance 
could be measured without using a reference panel. Detailed analysis of surface characteristics (Leaf Area 
index LAI, surface temperature, soil surface humidity ...) were made in order to investigate their possible 
estimation from remote sensors at various spatial resolutions. The estimates of LAI from NDVI were 
done by Duchemin et al. [10], and the possibility of estimating land surface thermal infrared emissivity 
was achieved by Olioso et al. [11]. 
Historical high resolution satellite data collected from MSS and Landsat over a 30-year period were 
gathered. Additional time series of SPOT 4 and 5, Landsat-TM and ASTER (Advanced Spaceborne 
Thermal Emission and Reflection) images have been collected since 2002. 
In 2006 agricultural season, high spatial (8 m) and high temporal (4 days) FORMOSAT-2 satellite data 
were collected throughout the growing season [12]. For atmospheric corrections, a CIMEL sun 
photometer  (NASA's AERONET, AErosol RObotic NETwork) has been installed since 2003.  
Also, weather data is collected for each measurement site by using an automated weather station using 
the following instruments: incoming solar radiation (CM5 pyranometer, Campbell Scientific Ltd.), air 
temperature and humidity (Vaisala HMP45C probes), wind speed (A100R anemometers, R.M. Young 
Company, USA), and rainfall with tipping bucket automatic rain gauge (FSS500, Campbell Inc., USA). 
All these data, described here, are a part of the data set acquired in the framework of SudMed program 
and LMI-TREMA. They have been managed and archived as an observatory of the water resources of the 
Haouz catchment (further details available at http://trema.ucam.ac.ma). 
4. Results and discussions 
4.1.  Hydric functioning of the irrigated crops: comparison between drip and flooding irrigation practices 
Since the beginning of the SudMed project, focus has been put on the evaluation of the water demand 
of the irrigated crops and the partition of water between soil evaporation, plant transpiration and deep 
percolation through modeling and experimentation [13, 14, 15], for the main crops of the region. The 
comparison of accumulated evapotranspiration measured by eddy-covariance and the water inputs (rain + 
irrigation) term allows the evaluation of the quantity of water lost by deep percolation that could reach the 
aquifer (Fig. 2). Results showed that the losses by evaporation can reach 28% of water inputs for the 
flooding irrigation site and are obviously lower (about 18-20 % on average) for the drip irrigation sites. 
These quantities of water losses were confirmed by the stable isotopic method (Keeling plot approach) 
over olive, orange and winter wheat crops [8, 9]. 
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Concerning the losses of water by deep percolation, results are surprising as the inadequate use of the 
drip technique can lead to substantial water losses: percolation losses for the drip irrigation sites are in the 
range 29-41 % of water input whereas the infiltrated quantities of water are relatively lower for the 
flooding irrigation site ranging from 26 to 31 %. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Evolution of cumulative rain + irrigation (Ÿ), evapotranspiration (Ƒ) and transpiration (Ɣ). Case of olive orchard. 
4.2. Monitoring water transfers between land surface and atmosphere  
Several models ranging from the most simple (FAO-56, [16]) to the most complex (i.e. SVAT: Soil 
Vegetation Atmosphere Transfer) were implemented to estimate the spatio-temporal variability of ET. 
The results showed that the physically based SVATs such as SiSPAT [17], ICARE [18] and ISBA 
(Tavernier et al., not yet published) provide good estimates of water and heat (sensible and latent) fluxes 
transferred in soil-plant-atmosphere system, over all sites, but they required several input variables that 
are not routinely available at the appropriate timescale. Thus, we face here the dilemma about choosing a 
SVAT model to accurately describe the surfaces fluxes in semi-arid regions and related processes 
governing the partition between, on one hand, sensible and latent heat fluxes and, on the other hand, 
evaporation and transpiration. The choice of model in any given situation is a trade-off between (1) the 
desirable but incompatible traits of realism and simplicity, and (2) the quality of available information for 
forcing and validating [19]. 
For operational purposes, the FAO-56 model showed a good estimate of ET at field scale [5]. Also, the 
model was adapted to use a satellite-based vegetation index [20, 13], and the results showed that despite 
the simplicity of the model and some theoretical limitations of its parameterizations for the soil water 
balance, plain scale estimates of ET were reasonable (Fig. 3). The map presented in this figure was 
derived from a time series of eight Landsat-TM images acquired during the 2002/2003 agricultural 
season, following a two-step procedure: (1) identification of land use, and (2) driving of FAO-56 
evapotranspiration model. This model was converted in a software for Satellite Monitoring of Irrigation 
(see section 4.3.). However, the model was not able to separate soil and vegetation contributions to ET 
[10, 21]. Beside this, the FAO-56 method combined with solar remote sensing data alone was not 
sufficient to accurately estimate water consumption, especially when soil evaporation and stress under 
full vegetation cover conditions occurred [21]. 
Additional information such as surface temperature from thermal infrared (TIR) sensors was required 
to overcome this difficulty [22]. In this regard, Hoedjes et al. [23] developed an approach based on the 
use of a simple energy balance model in conjunction with ASTER-based surface temperature, to estimate 
instantaneous ET values. These ET estimates were then scaled up to daily values, which were 
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subsequently assimilated into the FAO model [24]. The result showed a clear improvement of the 
seasonal ET estimates. Improvements in ET estimates were also obtained when a dual source SVAT 
model in conjunction with TIR measurements [25], even for a heterogeneous surface of Agdal olive trees 
(Fig. 4).  
In the same context, thermal infrared data were used in conjunction with a SVAT and assimilation 
scheme to investigate the possibility of inverting the quantity of irrigation water by minimizing the 
difference between observed and simulated surface temperature at the seasonal scale [22, 26]. 
 
 
Fig. 3. Evapotranspiration estimates at the Haouz plain derived through the combination of FAO-56 method and satellite-based 
vegetation index from 8 Landsat-TM images. 
 
Fig. 4. Comparison between daily measured latent heat flux (LEec) and calculated (LEmod) using a dual source SVAT model. 
4.3. Satellite Monitoring of Irrigation: the SAMIR tool 
Satellite Monitoring of Irrigation (SAMIR) is a software for the spatialization of actual ET and water 
balance of irrigated crops on large areas, based on the use of satellite images. The water demand of the 
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crops is calculated using the FAO method, well suited to computation on large areas where the available 
information on soil and crops is limited. Balance calculations require data related to climate (estimate of 
reference ET and rainfall), land cover, vegetation phenology and deep percolation. These last two 
variables being derived from remote sensing. Irrigation data are either introduced if known, either 
estimated from the calculation of water balance, by making assumptions about the irrigation practices 
including the rate of water stress tolerated. This method has been calibrated and validated on the Haouz 
plain, for the main crops (wheat, olive and citrus) [21, 24]. Its implementation was validated using a 
Landsat TM image time series [20], and also using low resolution images [27]. Recently, Belaqziz et al. 
[28] introduced successfully, in SAMIR software, a new irrigation priority index (IPI) based on remote 
sensing data for assessing the networks irrigation scheduling. Work in progress consists in trying to 
minimize the IPI with a multi-criterion approach in order to optimize the spatiotemporal distribution of 
water irrigation. 
As an irrigation manager, the Regional Office of Agricultural Development of the Haouz plain 
(ORMVAH) is interested in short term management of the irrigation sectors. Various tests of irrigation 
conduction are being driven on a 3000 ha wheat sector, east of Marrakech. Fig. 5 displays a comparison 
of SAMIR estimates of actual evapotranspiration based on remote sensing observations to actual 
measurements for three different wheat fields [20]. As a planner, the Hydraulic Basin Agency (ABHT) is 
interested in long term, large window estimates of water demand. SAMIR was used to estimate a 9 years 
monthly map of ET used as input of the MODFLOW model that represents the groundwater of the 6000 
km2 Haouz aquifer [29]. 
 
 
Fig. 5. Comparison of actual ET estimated using SAMIR, based on Landsat TM data (TM), and ground measurements achieved by 
Eddy Correlation systems (EC) for three wheat plots in 2003. 
4.4. Aggregation, disaggregation and data assimilation 
The SMOS mission provides a soil moisture map at the nominal spatial resolution of 40 km starting 
from 2007. It is not of very much use to basin scale hydrological modeling if this information is not 
disaggregated to at least 1 km. In this context, Merlin et al. [30] developed a novel disaggregation 
scheme, based on the combination of a land surface model (SVAT) and high-resolution (1 km) 
information of surface temperature and LAI/vegetation index. The near surface soil moisture derived 
from SMOS type data is disaggregated at a fine scale and assimilated using an ensemble Kalman filter 
into a distributed SVAT model. In the same context, Benhadj et al. [27] developed an automatic unmixing 
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of Moderate Resolution Imaging Spectroradiometer (MODIS) multi-temporal data for inter-annual 
monitoring of land use at a regional scale (Tensift, Morocco). In this objective, the linear unmixing 
method is adapted to process a 6-year archive of MODIS normalized difference vegetation index (NDVI) 
16-day composite data at 250 m spatial resolution. The result of the processing is a description of land use 
in terms of fractions of three predominant classes: orchard, non-cultivated area and annual crop. 
According to the confusion matrix (table 1), the overall accuracy, that is, the number of well-classified 
pixels divided by the total number of pixels, is around 78%, with very low omission errors for the class 
orchard on bare soil (about 10%) and for the class annual crop (about 3%). 
                Table 1. Confusion matrix of the 2002–2003 reference land-use map (in pixels). 
 Field observations  
 Orchard on annual 
understory 
Orchard on 
bare soil 
Bare 
soil 
Annual 
crop 
Total Commission 
error (%) 
Orchard 369 237 0 17 623 2.7 
Bare soil 162 3 279 0 282 1.1 
Annual crop 531 24 165 499 850 41.3 
Total 531 264 444 516 1755  
Omission error (%) 30.5 10.2 37.2 3.3   
 
Finally, the aggregation issue associated with flux estimates over heterogeneous surfaces has been 
addressed from both theoretical and experimental perspectives [31]. In this regard, Ezzahar et al. [25, 32] 
investigated the applicability of the Monin–Obukhov Similarity Theory (MOST) over heterogeneous 
terrain below the blending height, which is the height where the atmosphere becomes “blind” to 
characteristics of individual patches of the surface. This was tested using two large-aperture 
scintillometers (LAS), in conjunction with aggregation schemes to infer area-averaged refractive index 
structure parameters. At a grid scale, the aggregated structure parameter of the refractive index, simulated 
using the developed aggregation model, behaves according to MOST. This is an important finding since 
MOST was originally developed for homogeneous surfaces. This aggregated structure parameter of the 
refractive index was obtained from measurements made below the grid scale blending height and shows 
that MOST applies. Therefore, scintillometers can be used at levels below the blending height. This is of 
interest since strictly respecting the height requirements poses tremendous practical problems, especially 
if one is aiming to derive surface fluxes over large scale. Based on this finding, Ezzahar et al. [32] 
showed that the scintillometer data can be used to monitor seasonal water consumption over a large 
transect, when combined with a simple model for deriving available energy. 
5. Conclusions 
The scientific activities of the SudMed program and the Joint International Laboratory LMI-TREMA 
are supported by an experimental design of in situ and satellite data sets structured as an observatory of 
the Water Resources of the Haouz catchment. The study of the Soil-Plant-Atmosphere process, in the 
semi-arid Haouz plain, is one of the main objectives of these two scientific programs. 
Substantial results have been obtained during a decade of the SudMed and LMI-TREMA programs 
(2002–2012). The irrigated crops, that use 85% of plain water, are particularly studied to quantify water 
exchanges by ET and deep percolation. Also, various models of different complexity levels based on in-
situ data or/and feeded by remote sensing data were used/developed to estimate heat and water fluxes in 
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sol-plant-atmosphere system. Our results confirmed that physically based models are the most accurate 
under different conditions. However, these models encounter both problems: having good input variables 
and assigning model parameters. This makes their use difficult if not impossible at regional scale. 
However, these models have been used to assess the realism of simpler approaches such as FAO-56. In 
this regard, the combination of ET estimates from a simple energy balance with the FAO-56 model and 
an assimilation scheme led to a substantial improvement of the FAO method performance.  
Regarding the signal disaggregation for the satellite images with low spatial resolution, our results 
provide a real breakthrough. This has been achieved through a combination of surface process model 
along with surface temperature and NDVI (LAI) obtained from higher-resolution satellite data.  
As a logical perspectives of these results, the use of the multi-spectral satellite data (optical, thermal-
infrared and radar remote sensing) in conjunction with a disaggregation scheme and data assimilation to 
control the water balance in the FAO-56 and other SVAT models. Also, the SAMIR software (Satellite 
Monitoring of Irrigation) seems particularly promising as a decision system support issues in terms of 
crops irrigation scheduling.  
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